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1. Introduction
Palustrine carbonates can be regarded as part of a complex continuum
of chemical sediments extending from groundwater calcretes and dolocretes,
through tufas and travertines, as well as carbonates formed in discharge
wetlands, riparian wetlands, ponds and lakes. These carbonates form by the
precipitation of calcium carbonate from groundwaters, surface or ground-
water-fed rivers and lakes with a high content of calcium bicarbonate.
They are indicators of special hydrological conditions, and the remarkable
E-mail address: alonsoza@geo.ucm.es
1 Dpto Petrologı´a y Geoquı´mica, Fac. CC. Geolo´gicas, IGE-CSIC, Universidad Complutense de Madrid,
28040 Madrid, Spain
2 BG Group, 100 Thames Valley Park Drive, Reading RG6 1PT; School of Earth & Ocean Sciences,
Cardiff University, Cardiff CF10 3YE, UK
Corresponding author.
Developments in Sedimentology, Volume 61 r 2010 Elsevier B.V.
ISSN 0070-4571, DOI 10.1016/S0070-4571(09)06102-0 All rights reserved.
103
Author's personal copy
similarities of such carbonates, particularly in the Mesozoic and Cenozoic, is
evidence of a recurrent set of environmental factors made all the more
intriguing by the apparent lack of a close modern analogue. Palustrine
carbonates occur in a variety of aquatic continental settings such as alluvial
and fluvial systems, wide lake basins and coastal marine environments. In all
cases, the depositional settings are characterised by very low gradients of the
lake margin and low energy. Under these conditions, fine-grained
carbonates (mainly muds) formed in fresh water commonly contain the
remains of charophytes, molluscs and ostracods, and are subjected to subaerial
exposure related to fluctuations in water level. Pedogenic processes therefore
modify the fine-grained carbonate substrates, giving rise to a variety of
palustrine facies and microfabrics, as reviewed by Freytet and Verrecchia
(2002). The framework within which these carbonates can be interpreted
was clearly envisaged by Freytet (1965, 1971), who described palustrine
carbonates as the products of the pedogenic modification of non-marine
carbonate substrates. According to Freytet (1984, p. 231), a palustrine
limestone ‘must show the characteristics of the primary lacustrine deposit
(organisms, sedimentary features) and characteristics due to later transforma-
tions (organisms, root traces, desiccation, pedogenic remobilisations)’.
Many palustrine carbonates in the geological record are associated with
shallow, hard-water perennial lakes and represent deposition on fluctuating
vegetated wetland fringes, as outlined in the classic model of Freytet and
Plaziat (1982) based on Late Cretaceous and Early Tertiary successions in
southern France. However, many are found along the coastal margins of
low-relief carbonate platforms (Martı´n-Chivelet and Gime´nez, 1992),
within carbonate hinterlands (Armenteros and Daley, 1998), or especially in
fluvial settings as discrete carbonate units hosted in siliciclastic formations
(e.g., Platt, 1989).
When analysing palustrine deposits, an integrated approach is critical to
understanding and accurately interpreting the depositional environment,
including examinations of the biota, textures, pedogenic features, the mine-
ralogy and geochemistry of the sediments and the chemistry of the waters
from which they formed, as well as the likely geomorphic, hydrological and
tectonic settings in which the carbonates accumulated. In addition, the
identification of a clear modern analogue is needed in order to understand
the processes and the main controls operating in these settings and also to
better understand their significance in the fill of continental basins.
Analogues for these sedimentary environments ought to exist today, but
anthropogenic activity has probably contributed to the loss of many such
settings. The Florida Everglades has been considered a modern analogue for
the palustrine fresh-water environments that are known from the
sedimentary record (Platt and Wright, 1992), but their specific setting on
a low-relief peninsula makes them a relatively unsatisfactory model for fully
fresh-water palustrine environments. Alonso-Zarza et al. (2006) proposed
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the Las Tablas de Daimiel wetlands in Spain as a recent analogue for ancient
palustrine carbonate environments, because the sedimentary record of this
deposit includes most of the distinctive suite of features commonly
recognised in palustrine carbonates. In fact, the abundance of palustrine
limestones in the sedimentary record has been considered as evidence for
the development of ancient hard-water seasonal wetlands in the past
(Wright and Platt, 1995). However, more work and detailed studies of
recent and modern wetlands are needed in order to better understand the
relationship between the sedimentary record of palustrine carbonates and
modern environments.
2. The Sedimentary (Ancient) Record of
Palustrine Carbonates
Palustrine deposits, mostly carbonates, are very common in Mesozoic
and Cenozoic continental basins (Figure 1A) (see Gierlowski-Kordesch and
Kelts, 2000; Alonso-Zarza and Tanner, 2006), such as the classic examples
from the Cretaceous and Tertiary of southern France (Freytet and Plaziat,
1982). Classical palustrine carbonates require the involvement of macro-
phytes with well-developed root systems, and so are seemingly limited to
the post-Silurian. Indeed, their presence in Devonian successions can be
used as indicators of the initial occupation of the continents by plants
(Dunagan and Driese, 1999).
In many cases, palustrine limestones are difficult to separate from
lacustrine ones. Following Freytet (1973), ‘true lacustrine limestones’ have an
entirely subaqueous diagenetic evolution and are either homogeneous or
show evidence of reworking and burrowing by animals, whereas ‘paludine’
limestones result from the emergence of carbonate muds, either in marginal
or in more central lake areas. A recent example is Lake Balaton in Hungary,
from which Tullner and Cserny (2003) described the oxidation, subaerial
erosion or erosion by bottom currents of recently deposited lacustrine
sediments. In an extensive review of palustrine and lacustrine facies, Freytet
and Verrecchia (2002) considered as lacustrine the following limestones:
homogeneous, peloidal, brecciated, gravelly, bioturbated by burrows,
bioclastic, algal and stromatolitic plus lacustrine chalk and marl, varves and
turbidites. However, peloidal, gravely gravel-grade and brecciated limestones
usually show features indicative of their exposure.
2.1. The primary lacustrine mud
The description and interpretation of palustrine deposits require an
appreciation of how the precursor sediment is modified by subaerial exposure,
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Figure 1 Ancient lacustrine and palustrine facies. (A) Nodular palustrine carbonates
showing irregular tops and some interbedded marls. The figure is 1.60m high.
(B) Lacustrine wackestone with gastropods and charophytes. This is the common
aspect of the initial lacustrine muds under microscope. (C) SEM image of the
lacustrine mud. The crystals are fine (about 1mm) and show different morphologies,
commonly sub-euhedral. (D) Polished hand sample of a mottled and ‘in situ’
brecciated limestone with irregular darker haloes. Desiccation cracks are horizontal,
following the bedding planes; they are filled by micrite and vadose silt.
(E) Photomicrograph of a mottled limestone showing zones with preferential
Fe-staining and planar irregular desiccation cracks, filled by vadose silt and later
coarse spar. (F) Photomicrograph of a nodular limestone with circumgranular
cracks, which in this case enclose a charophyte stem.
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pedogenesis and diagenesis. In ancient low-gradient and low-energy lakes, the
primary carbonate deposit is composed of mud-size sediment, bioclasts (Figure
1B), and other grains such as peloids, coated grains (ooids) or intraclasts.
Besides the direct contribution of skeletal (shell) material, much of this
carbonate is/was induced by the metabolic activities of microbial biofilms and
algae, including charophytes. In recent fresh-water lakes, the mineralogical
composition of the primary carbonates is mostly low-magnesian calcite
(o4mol% Mg) (LMC) or high-magnesian calcite (W4mol% Mg) (HMC),
more rarely aragonite or protodolomite (Tullner and Cserny, 2003).
Following diagenesis and mineralogical stabilisation, the mineralogy of the
ancient fresh-water carbonates is low-magnesium calcite or dolomite (Wright
et al., 1997; Anado´n et al., 2000); this affects not only the mud-size carbonate,
but also the aragonitic bioclasts, particularly molluscs. Detailed microfabric
comparison, based on SEM studies, between ancient and recent carbonate
muds shows their striking similarities, both being composed of sub- to
euhedral calcite crystals about 122mm across (Figure 1C). More rounded
crystal morphologies recognised in recent deposits usually show higher
amounts of Mg and are interpreted as high-magnesium calcite or
protodolomite (Alonso-Zarza et al., 2006). This agrees with the findings in
Lake Balaton. The origin of the carbonate precipitated in the lake is also
discussed by Gierlowski-Kordesch (20102 this volume).
2.2. Carbonate palustrine facies in the sedimentary record
Palustrine deposits can be recognised by identifying the features described by
Freytet and Verrecchia (2002), including marmorisation, nodulisation and
pedogenic recrystallisation, clay authigenesis, desiccation cracks, traces of
burrows and roots, and the so-called pseudomicrokarst. Additionally, root
moulds, fenestral and alveolar structures, indicating the influence of the
vegetation cover, are common in many palustrine limestones. All these
features impart on lacustrine deposits a distinctive set of facies described by
Alonso-Zarza (2003) and detailed below. Facies 126 are probably the more
characteristic palustrine facies, but some other facies are closely associated and
may give good indications of the general environmental setting within the
overall deposystem (facies 7212).
2.2.1. Facies 1: mottled limestones
Facies 1 consists of mottled limestones that are micrites with minor amounts
of detrital grains. They show a strong yellow-orange-red mottling (Figure
1D) which, under the microscope, is seen as very diffuse, relatively dark
haloes. Charophytes, gastropods, ostracods or any other fossil remains are
relatively rare in this facies. The mottled areas may be outlined by
desiccation cracks, which show different morphologies such as
Palustrine Carbonates 107
Author's personal copy
circumgranular, planar or irregular. These cracks are filled by both
microsparitic silt and blocky sparry calcite (Figure 1E). It is not uncommon
to see evidence of several stages of cementation.
Mottled or marmorised limestones indicate the remobilisation of iron
due to changes in the Eh of the groundwater when the water table oscillates
(Freytet, 1973). This occurs when the iron content of the sediment is less
than 2%. Manganese and calcium can also migrate with iron, enabling the
formation of ferruginous nodules, tubular voids, concretions and iron crusts
(Freytet and Verrecchia, 2002). Freytet (1973) and Freytet and Plaziat
(1982) provided clear descriptions and interpretations of all these features.
The mottling is similar to that recognised in poorly drained (gley)
palaeosols, as described by PiPujol and Buurman (1997) from the Eocene of
the Ebro Basin.
2.2.2. Facies 2: nodular and brecciated limestones
The nodular and brecciated limestones consist of centimetre-scale irregular
micrite nodules embedded in a softer chalky matrix, or separated by
different types of cracks that may remain empty or become filled with
microspar and/or sparry calcite. The morphology of the nodules varies
from more or less round to angular, forming a breccia. The micrite may
contain detrital grains and the debris of charophytes (Figure 1F), ostracods
or molluscs. Nodular limestones may be light in colour, but mottling
(pseudogley) is also common. The nodulisation process has been explained
clearly by Freytet (1973), and is mainly due to desiccation and the
subsequent formation of planar to curved fissures that are later filled under
vadose and phreatic oxidising conditions.
These limestones can form single, metre-thick beds, indicating that the
whole lacustrine succession was subaerially exposed, during a single or
multiple events. In other cases only the top or base of lacustrine deposit is
nodulised or brecciated, indicating less exposure and the evolution of the lake
level. Irregular fenestrae are also present, although not restricted to this facies.
Similar features are most commonly found in intertidal successions
where drying and wetting cycles are frequent. Their presence in some
palustrine successions is evidence of short periods of exposure and rewetting
along shorelines or in wetlands.
2.2.3. Facies 3: limestones with vertical root cavities
These are matrix-rich limestones with gastropod shells, charophytes, ostracods,
desiccation cracks, and fenestral and alveolar structures (Figure 2A). Root
cavities are large, irregular, vertical cavities several centimetres wide and with
lengths up to decimetre scale. They are commonly wider at the top of the
beds and taper downwards. These cavities may be empty or partially filled
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with a looser micrite matrix, microspar peloids, intraclasts, bioclasts and spar
cement. Limestones with vertical root cavities either occur as tabular beds or
display a wavy, convex-up upper surface (Figure 1A). Another characteristic
of this facies is that it is commonly more indurated than any other palustrine
or lacustrine deposits, and is therefore very prominent at outcrop scale.
Limestones with vertical root cavities commonly display a columnar
structure. The vertically elongate columns can be up to 10 cm in diameter
and may reach 1m in length; horizontal cracks are a common feature. The
columns are thought to form by calcification around vertically penetrating
roots. Similar to the prismatic structures recognised in calcretes (Esteban and
Klappa, 1983), these columns may be found in either clayey or softer
carbonate sediments. Roots and associated micro-organisms can also
brecciate and nodulise the host carbonate mud in areas of rhizosphere
influence. This effect is especially visible in marly sediments.
2.2.4. Facies 4: pseudomicrokarst
Facies 4 consists of limestones with pseudomicrokarst. Plaziat and Freytet
(1978) introduced this term to describe limestones with irregular and
complex cavities that resemble a karst system in which the cavities are small,
mostly cylindrical, and vertically elongated. Individual cavities are only a few
centimetres long, but are associated with larger networks on the decimetre
scale. The prefix ‘pseudo’ is used because the enlargement of the cavities is
mostly mechanical (root activity and desiccation); dissolution is only a minor
process. The cavities show sharp boundaries and are commonly very
irregular in form (Figure 2B). However, in some cases, the margins are
rounded, indicating that some dissolution has also occurred (Platt, 1989).
The pseudomicrokarst networks appear to have developed from vertical
root cavities which have become connected to each other horizontally; this
is especially so at the top of the beds. Desiccation cracks are common and
arranged in an orthogonal network; they may cut root cavities. Cavity fills
are complex and include peloids, coated grains and intraclasts (see below) as
well as different types of cements from vadose to coarse blocky spar (Figure
2C). The succession of these cements is a criterion for deciphering the
movements of the water table (Freytet and Plaziat, 1982).
2.2.5. Facies 5: peloidal, coated grain and/or intraclastic limestones
Peloidal, coated grain and/or intraclastic limestones are important
components of palustrine limestones. Peloids are more or less rounded
grains formed by micrite including some clay, pseudospar or compound
micritic grains, and may be up to several millimetres in diameter (Figure 2D).
They are commonly coated with irregular laminae formed of dark micrite
alternating with lighter micrite layers that may include smaller peloids. SEM
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observation of the latter (Alonso-Zarza et al., 1992) reveals that a network of
fungal filaments arranged within micrite crystals forms the coatings.
Intraclasts are more varied in size, ranging from less than a millimetre to
several centimetres long; they are rounded to angular and are commonly
poorly sorted. The intraclasts consist of micrite with scarce fossil debris.
Root moulds, alveolar septal structures (Wright, 1986), organic filaments
(Figure 2E) and different types of desiccation cracks are easily recognised
within the intraclasts as well as in the intragranular pores. The peloidal,
coated grains and intraclastic sediments are commonly cemented by calcite
mosaics, the sizes of which vary between that of microspar and coarsely
crystalline. These sediments occur in different types of cavities and form a
complex network. This facies has also been named granular limestones and
may form through the process of grainification (Mazzullo and Birdwell,
1989; Wright, 1990), which also occurs in peritidal settings. These appear as
beds formed entirely of this facies at the top or base of lacustrine and
peritidal deposits, or filling different types of cavities. A characteristic is that
both the grains themselves and the cavities and surrounding matrices show
clear evidence of multiple phases of fragmentation (grainification), coating,
internal sediment, deposition of microsparitic silt and blocky calcite
cementation. A common feature of these cavity fills is inverse grading.
2.2.6. Facies 6: Laminar calcretes
Laminar calcretes are a common feature and consist of centimetre-thick
sheet-like or stomatolitic, very irregularly laminated micrites. Some forms
are densely laminated but others are fenestral. The former are similar to
crusts associated with calcrete profiles (see Alonso-Zarza and Wright,
2010 2 this volume), but the latter are calcified root mats (Wright et al.,
1988). In all cases the micromorphology shows a wide range of biogenic
structures such as calcified organic filaments, alveolar septal structures,
Figure 2 Ancient palustrine facies. (A) Decimetre-thick beds of palustrine
carbonates, the tops of which contain vertical roots. (B) Top-most part of a
palustrine bed with highly irregular pseudomicrokarst filled by micritic clasts. The
cavities are very irregular. (C) Photomicrograph of a pseudomicrokarst infill
consisting of micritic grains embedded in calcite cement. (D) Peloidal limestone.
The peloids are more or less rounded and show poor sorting. In this case, they do
not show micritic coatings. (E) SEM view of the peloidal limestones. The micrite
crystals are very fine. Organic filaments, contributing to the breaking of the micrite,
are visible. (F) Conglomerates consisting of limestone clasts derived from the lower
palustrine limestones with desiccation and root traces (above finger). (G) Green
marlstone beds with various types of desiccation and root cracks resulting from in
situ brecchiation of the bed; intraclasts are visible. (H) Palustrine sepiolite bed,
showing the same features as the palustrine carbonates, such as desiccation,
formation of intraclasts and some reworking. In this case, the bed is silicified.
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needle fibre calcite and peloids, amongst many others (Alonso-Zarza and
Wright, 2010). In certain settings, root mats formed at the water table can
become calcified (Mount and Cohen, 1984), and the common occurrence
of such features in palustrine successions is evidence for near-surface water
tables around the lake margins and in wetlands.
2.2.7. Facies 7: organic-rich marlstone and clays
Facies 7 consists of organic-rich marlstone and clays that are typically
massive to poorly laminated and that include varied amounts of fragmented
gastropod shells, plant remains, locally some carbonate nodules, and
carbonate and clay intraclasts. Commonly, these deposits are very rich in
micro-mammal remains, so they can provide useful chronostratigraphic
data, such as in the Teruel Graben (Alonso-Zarza and Calvo, 2000). These
marlstones and clays occur interbedded with clastic deposits or between
lacustrine/palustrine carbonates, showing sharp or transitional boundaries.
2.2.8. Facies 8: carbonate-filled channels
The carbonate-filled channels that constitute facies 8 are irregularly bedded
with lower erosive surfaces and upper, commonly planar ones with root
traces (and so may show prismatic structures). The channel fill consists of
oncoids, bioclasts, phytoclasts and reworked micritic grains (Figure 2F).
Channels are often in close association with organic-rich marlstones into
which they have eroded. In some cases, these channel fills likely indicate
longer periods of desiccation of the lacustrine sediments and subsequent
reworking by incision of fluvial channels that eroded the desiccated
carbonate palustrine deposits.
2.2.9. Facies 9: green to brown marlstones
Facies 9 is built by green to brown marlstones which are usually massive to
slightly laminated. They include some micritic carbonate nodules,
millimetres in diameter, and cylindrical root tubes preserved in carbonate.
They may be interbedded with any other deposits, either clastics or
carbonates. They contain root traces and desiccation cracks, which contribute
to their brecciation (Figure 2G). Changes in colour are indicative of the
evolution of the ground and surficial waters. Occasionally, small silt-ripple
beds are interbedded within them. These marls represent the ponded areas of
the distal fan close to the lake margins or the wet mudflat deposits of a wider
lake environment; in either case they represent marsh areas with an extensive
vegetation cover and a high groundwater table.
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2.2.10. Facies 10: travertines
Travertines may form either in spring orifices or in spring-marginal pools
(Szulc et al., 2006), from discharging groundwater at elevated temperatures
(‘thermal’ waters). Travertines from both settings are very rich in calcified
algae and reed-like, vascular plants and may include calcitic rafts. Marginal
pool deposits include finely laminated peloidal limestones which are absent
in the spring orifices. The encrustations are due to calcification driven by
epiphytic microbial colonies covering the vascular plants. In the Upper
Triassic of southern Poland, the presence of travertines in palustrine
environments indicates that the source of water was a former hydrothermal
karst area. In the Aguilar Formation (Northern Spain), the occurrence of
travertines intercalated between lacustrine/palustrine deposits is controlled
by an active fault line which favoured the discharge of water into the system
(Herna´ndez et al., 1998).
2.2.11. Facies 11: tufa deposits
Tufa deposits are calcareous fresh-water deposits resulting from calcium-
carbonate precipitation from waters at ambient temperature; they contain
the remains of micro- and macrophytes, invertebrate and bacteria (Ford and
Pedley, 1996). Tufa deposits are common in fluvial/palustrine/lacustrine
systems such as the Miocene of the Ebro Basin (Va´zquez-Urbez et al.,
2002) and the Palaeogene of Mallorca (Arenas et al., 2007), for which
different sedimentary models have been proposed. However, the exposure
features, such as desiccation cracks or root-related features, are difficult to
see in the tufa facies, probably because of the large grain size of the deposits.
The facies typically includes boundstones, rudstones and packstones with
bryophytes, stems, phytoclasts and oncolite rudstones, amongst many other
components (Arenas et al., 2007).
2.2.12. Facies 12: other non-carbonate palustrine deposits
All other non-carbonate palustrine deposits jointly are included in facies 12.
They are common in the sedimentary record and constitute the major par
of a suite of evaporites, and dolomites and clays, including dolomitic muds
with subaerial exposure features (Calvo et al., 1995), and bioturbated
sulphates, mostly lenticular gypsum with a number of modifications by
plants and animals, formed in marginal lacustrine areas (Rodrı´guez-Aranda
and Calvo, 1998). Of special interest are Mg-rich clays as sepiolite and
palygorskite, which may show exactly the same features as palustrine
carbonates, such as brecciation and nodulisation (Figure 2H). These special
clays can include sepiolite that was precipitated directly in ponds and that
was pedogenically modified later (Bustillo and Alonso-Zarza, 2007).
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2.3. Genetic aspects of the palustrine carbonate facies
The facies described above clearly show the different intensities with which
fine-grained subaqueously formed continental carbonates are affected by
pedogenesis and reworking. The variability of the processes involved in each
palustrine microenvironment (Figure 3) can be related to the proportion of
time spent subaerially exposed (referred to as the ‘exposure index’) (Platt and
Wright, 1992). A continuum from less pedogenically modified limestones to
those that are totally modified can be identified, taking into account mostly
the palustrine facies (1 to 5) described above (facies 428 of Figure 3). This
continuum reflects not only the degree of pedogenic modification but also
the relative influence of physicochemical versus biogenic processes.
Figure 3 The various palustrine-calcrete facies associations. Common petrographic
aspects of these carbonates are also shown. From Alonso-Zarza (2003). 1--3:
Calcretes; 4--8 (1--5 in the text): different palustrine deposits from the less (4) to
the more developed ones (8); 9: non-pedogenically modified lacustrine deposits.
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Mottled and nodular limestones mostly reveal the influence of
physicochemical processes such as desiccation and iron mobilisation; both
limestone types may be considered as less developed palustrine limestones.
Limestones with root cavities, as well as those with a prismatic structure,
indicate the presence of a well-established vegetation cover. Roots act
in two different ways: (1) by penetrating the carbonate muds and/or
(2) inducing biochemical precipitation of carbonate around the rhizosphere.
In either case, the carbonates formed under these conditions indicate more
intense soil modification and longer intervals of exposure.
The more developed palustrine limestones are the granular limestones
(peloidal or intraclastic) and those carbonates with pseudomicrokarst. In
both, the result is an important loss of the primary muddy texture of the
deposits. These processes of formation of syngenetic grainstones, or to use a
wider term, granular limestones, have been extensively described not only
from palustrine environments (Freytet and Plaziat, 1982; Alonso-Zarza
et al., 1992; Armenteros et al., 1997), but also from peritidal settings
(Mazzullo and Birdwell, 1989). The formation of these textures is driven by
the repeated wetting and drying of the carbonate mud and by root systems
that penetrated the recently deposited mud to reach the water table. This,
together with the desiccation of the surface of the sediment, contributes to
intense fragmentation of the mud. The intensity and duration of these
processes, as well as any later rise in the water table during wetter periods,
can cause the reworking, concentration and coating of the mud fragments.
Movement of grains over the sediment surface gives rise to the formation of
beds of mostly (but not necessarily) coated micrite grains that accumulate at
some distance from the place where the fragmentation originally occurred.
In contrast, pseudomicrokarst and brecciated limestones are formed
‘in situ’. In both cases, the activity of micro-organisms such as fungi and
bacteria plays a significant role, especially in the coating of some grains
(Alonso-Zarza et al., 1992).
3. Wetlands: The Recent Analogues for Ancient
Palustrine Environments?
The search for a recent sedimentary environment where the deposits
show similar features and composition as do ancient palustrine carbonates
has been the aim of many studies during the last 15 years. Narrowing
palustrine deposits to a specific setting is difficult because they occur in a
broad spectrum of depositional environments including: (1) coastal plains,
such as the Florida Everglades (Platt and Wright, 1992), and the Lower
Cretaceous of Croatia (Dini et al., 1998), (2) alluvial settings, with examples
from the Upper Jurassic Western Interior, USA (Dunagan and Turner,
2004), the Tertiary of Wyoming (Bowen and Bloch, 2002) and the
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Miocene of Spain (Armenteros and Huerta, 2006) and (3) marginal areas of
larger ancient (Freytet and Plaziat, 1982) and recent lacustrine systems, as the
previously mentioned Lake Balaton in Hungary (Tullner and Cserny, 2003).
It seems to be in common agreement that wetlands constitute the closest
recent analogue to the ancient environment in which palustrine deposits
accumulated; in fact, Wright and Platt (1995) noted that the abundance of
ancient palustrine carbonates is a testimony to the widespread development
of seasonal wetlands in the past, which is consistent with the widespread
occurrence today of wetlands, covering some 6% of the land surface (Marty
and Meyer, 2006). They have been recognised in all climatic zones and on all
continents except Antarctica (Mitsch and Gosselink, 1993). The variability of
modern wetlands makes it difficult to establish an all-encompassing
sedimentary definition because there are a number of ecological, hydro-
logical and sedimentary parameters that should be considered.
Following the definition by Cowardin et al. (1979), palustrine wetlands
must fulfil one or more of the following requirements: the land supports
predominantly hydrophytes, at least periodically; the substrate is pre-
dominantly undrained hydric soil, and the substrate is non-soil and is
saturated with a water cover or covered by shallow water at some time
during the growing season. Moreover, there are some specific requirements
for water depth and composition, that is, less than 2m deep at low water,
and salinity from ocean-derived salts of less than 0.5 ppt. Additionally, there
is a lack of wave-formed features on the shorelines (Cowardin et al., 1979).
More recently, wetlands have been defined as landscape units with a
spatially and temporally positive hydrologic anomaly in relation to the
adjacent drier land without being rivers, lakes or marine environments
(DGOH, 1991).
The study of the sediments recently deposited in wetlands, especially if
they are carbonates, is crucial to determine if modern wetlands constitute
the most likely analogue for palustrine carbonate successions. In recent
years, the use of different technologies to core lake systems has contributed
to a better understanding of these sediments; most of the work, however, is
focused on siliciclastics, such as the Loobi Swamp in Kenya (Ashley et al.,
2004). Some detailed studies of carbonate deposits in marginal areas
of lakes are being carried on in Lake Balaton (Tullner and Cserny, 2003).
Apart from the lack of studies on recent carbonate wetlands (or even
lakes), one additional problem is diagenesis, which may transform the
mineralogy and texture of the initial sediments to make them more stable
and lithified.
The Las Tablas wetlands are located in the southern Meseta of Spain and
were formed initially by the flooding of the Guadiana and Gigu¨ela rivers,
together with the upwelling of groundwater through many springs. The
relative contribution of surface waters versus groundwater varies in space
and time. The total wetland area was about 60 km2 30 years ago, but today
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it is only of 16.75 km2, because of increased water usage by Man. The Las
Tablas wetlands are shallow, usually less than 1m deep (Figure 4A and B).
The aquatic environment is highly turbid, with high sedimentation rates.
The dominant anions are carbonate and sulphate. The climate is classified
as cold, temperate continental with a dry season. Isotherms range from 12
to 141C, rainfall is from 400 to 500mmyear1, and potential evaporation
averages 778mmyear1. All these data are extensively discussed in
A´lvarez-Cobelas and Cirujano (1996) and Dorado-Valin˜o et al. (2002).
The Las Tablas wetlands are now a National Park under a strong
preservation policy.
The core of the Las Tablas de Daimiel wetlands shows a 38.5-m thick
succession of sediments that range from the Middle Pleistocene (even
Early?) to the Holocene. The study of the core (Alonso-Zarza et al., 2006)
has shown that the more indurated sediments exhibit clear palustrine
features all through the core, but specially in the upper Holocene part,
where the sediments consist mostly of low-Mg calcite (452100%), with
varying amounts of quartz (0235%), clays (0220%) and aragonite from
shells (025%). In this part, no traces can be found of dolomite, opal, high-
Mg calcite or organic matter, which occur in the Middle Pleistocene part.
Three main carbonate facies have been recognised: (1) massive chalky
carbonates; (2) indurated wackestones to packstones with gastropods,
oncoids, ostracods and charophytes (Figure 4C), at some intervals showing
desiccation cracks, alveolar septal structures, pseudomicrokarst and
mottling; and (3) packstones of intraclasts containing some quartz grains
(Figure 4D). The massive chalky carbonates represent deposits that have
not been modified by pedogenesis. The indurated limestones formed in the
shallower areas, as indicated not only by the sedimentary features but
also by the low aquatic pollen diversity and the emergent pollen taxa
recorded in the sediments (Valdeolmillos Rodrı´guez, 2005). In this
environment, the sediments were intensively modified, allowing the
micrite crystals to change their size (larger crystals) and shape (Figure 4E). In
addition, phreatic and vadose cementation also contributed to the
lithification of the sediments. Packstones of intraclasts in Las Tablas have
been interpreted as the result of desiccation and reworking events of the
slightly lithified wackestones, and reflect more humid periods that caused
the rise of the lake water. Some of the carbonate deposits show calcified
microbial tubes similar to those recognised in calcretes (Figure 4F).
Apart from the carbonate deposits, peat beds are also common. The stable-
isotope data of the carbonates are also very similar to those recorded in
other palustrine deposits (Arenas et al., 1997; Alonso-Zarza and Calvo,
2000; Tandon and Andrews, 2001; Dunagan and Turner, 2004), with a
lack of covariance of C and O stable isotopes indicating an open system.
With all these data in mind, it is likely that this wetland area can be
considered as the best modern analogue for ancient palustrine carbonates.
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Figure 4 Palustrine facies and environments from the Las Tablas de Daimiel
wetland. (A) View of a dry area of Las Tablas. The area around the boat was wet
few years ago. Reeds are the most characteristic vegetation. (B) View of an active,
flooded area of Las Tablas. The depth of water is less than 1m. (C) Indurated
wackestones with bioclasts. (D) Packstone of intraclasts, formed by desiccation of
the previous limestones and their later reworking. Quartz grains are also common.
This facies probably indicates prolonged subaerial exposure. (E) SEM image of
the palustrine mudstone facies, which are very porous and consist of very fine
sub-euhedral crystals. (F) SEM image of microbial calcified filaments in a palustrine
limestone, indicating the role of vegetation in the formation of these facies.
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However, more studies are needed in order to increase the insight into
wetland deposition.
4. Environmental Controls on Palustrine
Deposition
Tectonism, climate and eustasy are the main factors operating in the
marine realm. In terrestrial environments, eustasy drives the base level which
is critical to fluvial systems, erosion and sedimentation rates. Eustasy is
important to basins even far away from, but connected with, the ocean, and
some examples will be discussed later. However, eustasy does not directly
control sedimentary deposition in a number of examples, including
sedimentation of palustrine deposits. In basins lacking a clear connection
to the oceans, two additional factors, viz. hydrology and supply/sources of
carbonates, have to be considered. Because these factors are integrated, it is
difficult in many cases to distinguish the specific effects of climate, hydrology
and tectonism.
Palustrine carbonates are obviously sensitive to climate. There must be
sufficient rainfall to carry the carbonate-rich solutions either in the surface
waters or in the groundwater (De Wet et al., 1998). Very arid or very humid
climates do not favour carbonate deposition in lakes (Cecil, 1990), whereas
semi-arid to sub-humid climates with marked seasonality are more
appropriate (Platt and Wright, 1991; Sanz et al., 1995; Gierlowski-
Kordesch, 1998). Palustrine carbonates are sensitive to fluctuations in
humidity. Therefore, palustrine facies and sequences may vary according to
the climate regime (Platt and Wright, 1992). In sub-humid climates,
palustrine deposits contain more organic matter2 such as in the Miocene of
the Teruel Graben (Alonso-Zarza and Calvo, 2000) 2 which may develop
into coals, such as in the Oligocene of the Ebro Basin (Cabrera and Sa´ez,
1987). In contrast, semi-arid climates are characterised by wide pseudomi-
crokarst development on top of the successions, and organic matter is rarely
preserved, as in the Upper Jurassic of the Morrison Formation (Dunagan and
Turner, 2004). More arid climates favour the presence of evaporite nodules
within the palustrine carbonates, or palustrine carbonates dominated by
dolomite (Sanz et al., 1999).
Climate also affects the carbonate precipitation rate, both of inorganic
precipitation (because of temperature effects in the water body and
evaporation) and of biogenically produced carbonate (Kelts and Hsu¨, 1978;
Platt and Wright, 1991; Verrecchia, 2007). In palustrine environments, the
climate also plays a role in the run-off in the catchment area and hence in
sediment supply, which is typically siliciclastic in composition. Thus climate
change will impact upon the short- to medium-term sedimentary
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successions (De Wet et al., 2002; Sa´ez and Cabrera, 2002). However, in
many cases it is difficult to evaluate the relative roles of climate and
tectonism separately, as discussed below.
In non-marine basins, tectonism seems to be the main agent responsible
for generating accommodation space for deposition (De Wet et al., 1998),
and so controls the long-term stratigraphic signal (Sa´ez and Cabrera, 2002).
In contrast, climate is considered the main factor in the development of
short-term sedimentary cycles (De Wet et al., 2002; Luzo´n et al., 2002),
because of its influence on sediment and water supply (Carroll and Bohacs,
1999; Bohacs et al., 2000). The interplay between climate and tectonism
has been used to establish a complete framework of lacustrine basins using a
sequence-stratigraphy approach. This framework establishes three types of
lake basins: overfilled basins characterised by the association of fluvial/
lacustrine facies, balance-fill basins dominated by the association of
fluctuating-profundal facies and underfilled basins characterised by an
evaporite facies association (Bohacs et al., 2000). Palustrine carbonates may
be present in any of the three types, but are more prominent in overfilled
basins and in the highstand depositional systems of balanced-fill and
underfilled basins. In this respect, palustrine carbonates are common in the
latest stages of closed-basin filling where the carbonates onlap the basin
margins (Alonso Zarza et al., 1992). Under such conditions, the reduction
in relief, caused by a progressive decrease of tectonic activity along the basin
margins, or the change of topography due to basin infilling, results in
reduced siliciclastic sediments input, thus favouring carbonate deposition.
In addition, filled basins have low-relief terrains that favour shallow water
tables and allow near-surface groundwater to degas or to be concentrated
by evaporation (thereby producing groundwater carbonates), or to intersect
the land surface and cause the development of shallow, low-gradient lakes
or discharge wetlands.
The lack of sediment input is the likely cause for the development of
vertically stacked palustrine successions because the lack of significant
alluvial/fluvial activity promotes continuity of the lake-wetland water
bodies. Examples include the Cretaceous Rupelo Formation of the
Cameros Basin (Platt, 1989) and the Late Cretaceous2Palaeogene of
southern France (Freytet and Plaziat, 1982). The palustrine deposits
represent stages of reduced accommodation space and, tentatively,
highstand depositional systems. In the stratigraphic framework proposed
by Carroll and Bohacs (1999) and Bohacs et al. (2000), this situation may be
relatively common in overfilled basins.
In cases where fluvial systems occasionally reach the shallow water body,
pond2wetland carbonates are interbedded with clastic alluvial deposits.
Examples include the pond deposits of the Eocene Guarga Formation in
the Pyrenees (Nickel, 1982), and some Miocene successions in the Madrid
Basin (Sanz et al., 1995). In both cases, palustrine carbonate lenses occur
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interbedded with red alluvial mudstones. The latter represent distal fan
facies and/or floodplain deposits, while the carbonate lenses were deposited
during periods or in areas of reduced clastic sedimentation. This is common
in stages of high accommodation space that favour high levels of storage of
floodplain sediments, resulting in isolated channels, weakly developed soils
(Wright and Marriott, 1993) and ponds. Together, these characterise
transgressive depositional systems. Balance-fill basins may be the more
favourable to contain pond deposits because of the common interfingering
within them of fluvial and shallow-lake environments.
In the above situations and in most basins that contain thick lacustrine
and palustrine carbonate sequences, the main control on the accommoda-
tion space and drainage patterns is tectonism. The Calama Basin in Chile is
an example of an active tectonic setting where tectonism determined the
location and the type of lacustrine environment, which included fluvio-
lacustrine diatomite, palustrine carbonate, massive anhydrite and alluvial fan
deposits (May et al., 1999). The change from permanent diatomite to
palustrine (around 6Ma) together with a decrease in run-off in the centre of
the basin is interpreted as the result of a more efficient drainage network.
The present authors indicated that it is unlikely that lacustrine systems
record low-order climatic changes in tectonically active settings. Similarly,
Sa´ez and Cabrera (2002) discussed how low-order lacustrine sequence
transitions were caused by significant increases in the volume of lake water,
without palaeobotanical evidence for a climatic change. The sequence
transition in the As Pontes Basin is explained by either the incremental
addition of accommodation space by increasing activity of the strike-slip
fault systems, or the enlargement of the catchment area by simple headward
extension of the drainage network.
On a smaller scale (decimetres to a few metres), the development of
palustrine sequences responds to the relationship between the subsidence
rate and the sediment fill of the basin. In alluvial basins, pulses of subsidence
due to the tilting of the basin floor may cause the redistribution of lake
water, resulting in a local rise of the water table and the rapid formation of a
shallow lake. Subsequent infill of the lake favours the exposure of lacustrine
carbonates and their pedogenic modification (Figure 5). These sequences
are common in the Cretaceous of the Serranı´a de Cuenca (Gierlowski-
Kordesch et al., 1991) and in the Teruel Graben (Alonso-Zarza and Calvo,
2000). In contrast, the equilibrium between tectonic subsidence and
sedimentation favours a slow, but continuous aggradation of the floodplain
areas and a gradual rise of the water table. Under this regime, a gradual
vertical transition from palaeosols developed in floodplain mudstones to
palustrine carbonates is commonly seen, as in the carbonate pond deposits
of the Madrid Basin (Sanz et al., 1995) and the Almaza´n Basin (Huerta and
Armenteros, 2005). For more recent wetlands situated in rift areas, such as
the Loboi Swamp in Kenya, Ashley et al. (2004) proposed that the change
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to wetter conditions during the Late Holocene favoured the development
and growth of the wetland. However, the lowering of the surface near or at
the water table may be controlled by tectonic subsidence pulses, as seen at a
small scale (metres) in the Neogene deposits of the Teruel Graben (Alonso-
Zarza and Calvo, 2000), or at a large scale (a hundred metres) in the
Cretaceous of the Aguilar de Campo Formation (Herna´ndez et al., 1998).
The possibility of identifying climatic signals in short-term lacustrine
sequences has been the objective of several recent studies (e.g., Abdul-Aziz
et al., 2000), which conclude that some sequences may correspond to
astronomical precession cycles. In a study of the cyclicity of Tertiary
Figure 5 Palustrine deposits from the Teruel Basin. (A) and (B) show different
arrangements of facies, depending on how fast the water table reaches the surface.
Some carbonate-filled channels (C) and marshes (D) are commonly associated with
these palustrine-wetland environments.
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deposits of the Ebro Basin, Luzo´n et al. (2002) showed that marginal
lacustrine deposits are not suitable for identifying the effects of climatic
cycles because non-periodic processes can play a more important role in the
sedimentation, modifying the original sedimentological features. In open
lake areas of the same lacustrine system, spectral analysis clearly indicates
precession-related climatic cyclicity. Although there is common agreement
on the role of climate in creating short- to medium-term (up to 10220m
thick) sedimentary lacustrine sequences (Arenas and Pardo, 1999;
Armenteros and Huerta, 2006, amongst many others), care must be taken
when interpreting the causes of the cyclicity, because short-term subsidence
episodes may also give place to the formation of metre-scale sequences
(Huerta and Armenteros, 2005).
Cyclicity can also reflect groundwater activity. One interesting example
comes from the Lower Pliocene Hagul Formation of the East Cairo
District, Egypt, described by Khalaf and Gaber (2008). Here, more than 10
depositional cycles are recognised which represent alluvial sedimentation,
followed by calcretisation, and formation of palustrine carbonates. The
distal alluvial plain setting received alluvial sediment during more humid
intervals, with pedogenic calcretes forming during semi-arid climates with
episodic precipitation. During sub-humid phases, the groundwater levels
gradually rose and groundwater calcrete accumulated, followed by shallow
palustrine carbonate wetlands.
Climate and tectonism also determine the topography, the hydrology of
the lake (open/closed), the mechanisms of water supply and the sources of
the carbonate and calcium ions within the lake.
In the Cenozoic deposits of the Ebro Basin, the asymmetry in the
distribution of shallow-lake deposits, which are dominated by evaporites in
the southern Iberian margin and palustrine carbonates in the North
(Pyrenean margins), reflects the strong hydrological contrast and different
topographic gradients. The Iberian margin has a low gradient and smaller
water supply, whereas the Pyrenean margins have steep gradients and a
permanent water supply (Arenas and Pardo, 1999). The presence within
lake basins of topographic highs can divide the basins and favour the
development of palustrine deposits in the shallower parts; in the Can˜ado´n
Asfalto Formation in Argentina, for example, a bioherm ridge acted as a
physiographic barrier (Cabaleri and Armella, 2005).
The mechanism of water supply to the lake plays an important role in
determining the lake chemistry and therefore the mineralogy of the
sediments, as well as later transformations during early diagenesis. The
relative contribution of groundwater and surface water to the inundated
area is considered important for distinguishing between lakes and wetlands
(Currey, 1990). According to Dunagan and Turner (2004), many wetlands
seem to be fed primarily by groundwater, but may receive surface water by
sheet flows; in contrast, lakes are fed mainly by surface water from run-off,
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rivers and streams that enter the basin, with a secondary groundwater
contribution. However, even in modern environments this differentiation
is difficult to make because the nature of the water supply may vary with
time as a consequence of climate and even tectonism. Some recent wetlands
such as the Loboi Swamp are fed by springs (Ashley et al., 2004); in
addition, the Las Tablas wetlands are fed by a combination of springs, rivers
and run-off (A´lvarez-Cobelas and Cirujano, 1996).
Commonly, as in the Eocene of South Dakota, palustrine limestones are
found near fault zones spatially associated with palaeogroundwater or spring
deposits. Some of these carbonates formed behind tufa barrages (Evans,
1999), and their occurrence supports the importance of groundwater supply
in shallow lacustrine2palustrine environments. During the Upper Triassic,
the discharge of water through fault-bounded spring systems favoured the
development of an extensive lake system in Poland; travertines formed near
the springs, whereas palustrine carbonates were deposited in more distal
areas (Szulc et al., 2006). Herna´ndez et al. (1998) have recognised hot-
water spring travertines fed through fault systems in the NE of Spain. This is
one of the main feeding mechanisms to the palustrine2lacustrine system.
Unfortunately, the preservation potential of the spring conduits and even of
their deposits is limited, and proving a spring-fed source for the palustrine
carbonates is therefore difficult in many cases.
A purely meteoric, run-off supply gives rise to lake waters with a low
solute content. If there is any carbonate precipitation in such lakes, it is
usually mainly calcite. However, chemical precipitation may be inhibited or
diluted by clastic input that may constitute the main infill of the lake. If the
lake is mainly fed by groundwater, directly or via springs, a more complex
lake geochemistry can be expected, and the mineralogy of the palustrine
deposits will depend on the composition of the groundwaters. Factors such
as the distance that the groundwater has flowed, the composition of the
catchment areas and the ratio of rock/water interaction and evaporation
rates all control groundwater composition and therefore the mineralogy of
the primary precipitates and their possible transformation during early
diagenesis (Arakel and McConchie, 1982).
Low-Mg calcite is a common precipitate if the groundwater flow path is
relatively short, or if the catchment area is dominated by low-Mg calcite,
and little evaporation occurs. Dolomite and gypsum may form from more
evolved groundwater due to removal of less-soluble phases during flow
towards the lake or within the lake itself (Wright and Sandler, 1994; Calvo
et al., 1995). However, the composition of groundwaters and the formation
of other precipitates such as dolomite, gypsum or Mg clays depend not only
on the hydrology but also on the climate and/or the presence of source
rocks containing evaporites.
Many of the documented examples of palustrine carbonates developed in
basins surrounded by hinterlands dominated by carbonate rocks. There are
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a number of examples on the Iberian Peninsula (Platt, 1989; Alonso-Zarza
et al., 1992, amongst many others) and in the Triassic of Pennsylvania
(De Wet et al., 1998). However, this is not always a prerequisite for
lacustrine2palustrine carbonate sedimentation. For example, in the Upper
Palaeozoic of the Pyrenees, lacustrine carbonates are interbedded with
pyroclastic layers (Valero, 1993). The weathering of calc-alkaline volcanic
rocks in the catchment area favoured low to moderate calcite production in
adjacent lakes. Nevertheless, the presence of carbonates underlying the lakes
or in the basin margins notably contributes to carbonate precipitation within
the lakes for two main reasons: (1) it favours high carbonate concentrations
in the surface and groundwater (Gierlowski-Kordesch, 1998) and (2) it
favours a low siliciclastic input; both control the carbonate production within
the lake (Cohen, 1989). Some well-known lacustrine and palustrine deposits
and even palustrine-saline and carbonate lakes are found in association with
karstic systems, either in depressions of the karst or in areas with supplies by
the output of the karstic waters (Poyato et al., 1998; Pe´rez et al., 2002;
Alonso-Zarza et al., 2006).
Palustrine carbonates have also been recorded in marginal-marine
settings, specifically in coastal-plain systems, as in the Eocene of the Isle of
Wight off England (Armenteros and Daley, 1998), and in the Cretaceous of
Croatia (Dini et al., 1998) and Spain (Martı´n-Chivelet and Gime´nez,
1992); they may cover thousands of square kilometres (MacNeil and Jones,
2006). It has been argued that the Florida Everglades may represent a
possible modern analogue for palustrine deposition (Platt and Wright, 1992).
However, there are few documented examples of such carbonates and it is
possible that other cases exist that have been attributed instead to calcretes or
marine deposits. An additional complication might be that palustrine
carbonates may overprint marine macrophytic deposits (such as mangrove
facies) during shallowing-upwards intervals (Wright and Azeredo, 2006). In
their study of palustrine carbonates from the Devonian of the Northwest
Territories of Canada, MacNeil and Jones (2006) stressed the importance of
these coastal palustrine carbonates because of their implications for
sequence-stratigraphic analysis; that is, they indicate subaerial unconformities
and sequence boundaries, similar to calcretes and karsts.
5. Conclusions
Palustrine deposits are a distinctive type of non-marine carbonates that
are associated with hard-water lake-margin and wetland settings. They
represent the modification of carbonate muds by wetting and drying and
more prolonged subaerial exposure, and pedogenesis associated with
macrophytes, and so are effectively a post-Silurian phenomenon. They are
part of a continuum of carbonate facies related to hydrological systems,
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closely related to groundwater calcretes, tufas and travertines, wetlands and
shallow-lake deposits. Palustrine carbonates are commonly, but not always,
associated with the late stages of basin filling, reflecting limited tectonic
relief development, limited accommodation-space creation, limited
terrigenous sediment input and low-relief landscapes where the position
of the water table is a critical control on carbonate accumulation. They are
sensitive to subtle hydrological changes in basins and so respond to both
climatic and tectonic effects, resulting in the need to critically separate such
effects when interpreting climatic signals. Despite their relatively common
occurrence in the stratigraphic record, modern analogues are very rare.
Therefore, it is imperative that we track down active examples in order to
release all the data locked in the ancient palustrine record.
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